Prostate stem cell antigen (PSCA) is an attractive antigen to target using therapeutic vaccines because of its overexpression in prostate cancer, especially in metastatic tissues, and its limited expression in other organs. Our studies offer the first evidence that a PSCA-based vaccine can induce long-term protection against prostate cancer development in prostate cancer-prone transgenic adenocarcinoma mouse prostate (TRAMP) mice. Eight-week-old TRAMP mice displaying prostate intraepithelial neoplasia were vaccinated with a heterologous prime/boost strategy consisting of gene gun-delivered PSCA-cDNA followed by Venezuelan equine encephalitis virus replicons encoding PSCA. Our results show the induction of an immune response against a newly defined PSCA epitope that is mediated primarily by CD8 T cells.
Introduction
Prostate cancer is the most commonly diagnosed malignancy in the western world and is the second leading cause of cancerrelated death in American men (1) . Therapeutic options for advanced and metastatic prostate cancer are limited (2) (3) (4) . Immunotherapy is a promising prospective new treatment for this disease.
Prostate cancer immunotherapy involves the use of antigenpresenting cells that present prostate cancer-associated antigenic peptides. To date, the targeted antigens include prostate-specific antigen (PSA; ref. 5) , six-transmembrane epithelial antigen of the prostate (6) , prostate stem cell antigen (PSCA; ref. 7) , prostatespecific membrane antigen (PSMA; ref. 8) , and prostatic acid phosphatase (9) .
PSCA, a 123-amino acid protein, was selected as the target antigen for this study. Analysis of the amino acid sequence of PSCA predicts that it is a membrane-bound protein related to the Ly-6/Thy-1 gene family (10) . Human PSCA is expressed in esophagus, stomach, bladder, and prostate basal cells (11) . It is overexpressed in 33% of primary prostate tumors and always present in samples from patients with bone metastasis. Higher levels of PSCA correlate with increasing tumor grade, stage, and the progression to androgen independence (12) . Recently, we detected a murine homologue (mPSCA) with 65% similarity to human PSCA at the nucleotide and amino acid levels. Mouse PSCA is expressed in the kidneys, colon, and testes, as well as in the normal prostate and in prostate tumor cells in the transgenic adenocarcinoma mouse prostate (TRAMP) cancer model (13) . TRAMP mice develop in situ and invasive carcinomas of the prostate as a result of prostate-specific expression of the SV40 T antigen driven by the minimal probasin promoter. The whole spectrum of human prostate cancer progression ranging from prostate intraepithelial neoplasia (PIN) to androgen-independent disease is recapitulated in these mice (14) . Therefore, it is a relevant model for analyzing vaccine-induced immune responses and disease progression before translating the findings to the clinic.
One of the latest advances in vaccinology is the development of heterologous prime-boost vaccination regimens that involve sequential vaccination with different antigen delivery systems encoding the same antigen (15) . For example, Goldberg et al. showed that priming first with DNA and boosting with recombinant alphavirus replicon particles expressing the melanoma antigen tyrosinase resulted in a better immune response and tumor protection than vaccinating with plasmid DNA alone (16) . One effective alphavirus replicon is the Venezuelan Equine Encephalitis replicon particle (VRP) system that has been used to break immune tolerance in rats vaccinated against the tumorassociated self antigen neu (17) and induce immunity against human papillomavirus-induced cervical cancer (18, 19) . In addition, VRP induces protective immune responses in primates (20) , indicating that they may be an excellent tool for vaccine delivery in humans.
In this study, we tested a heterologous prime-boost vaccination strategy directed against mPSCA. Our results showed that priming with mPSCA cDNA, followed by boosting with mPSCA-VRP, was an effective strategy to induce long-term protective tumor immunity in TRAMP mice, apparently without inducing autoimmune disease.
Materials and Methods
Plasmid DNA constructs and peptide synthesis. A DNA fragment encoding mouse PSCA was obtained from pCR-mPSCA (13) . For the generation of PSCA-expressing plasmid (pcDNA3-PSCA), mPSCA DNA was amplified using two specific primers. Primer sequences were designed to include either a HindIII or a BamHI site: 5 ¶-CCCAAGCTTATGACTCACAGG-3 ¶ and 5 ¶-TGTGAGGAGTGCACA-3 ¶. Amplification was performed for 30 s at 94jC, 30 s at 55jC, and 30 s at 72jC. An additional extension step was performed for 10 min at 72jC. The PCR product was then cloned into the pcDNA3 expression vector (Invitrogen). DNA sequencing was performed to confirm that the pcDNA3-PSCA construct had the desired sequence and open reading frame. pcDNA3-PSCA or empty vector (pcDNA3) were transformed into TOP10 competent Escherichia coli (Stratagene). Plasmid DNA copies were amplified in liquid culture and purified using a plasmid maxi kit (Qiagen Sciences). DNA used for vaccination had an A 260 /A 280 ratio of 1.9.
For VRP production, mPSCA DNA was amplified by using specific primers 5 ¶-GACTCACAGGACTACTACGTGGGCAAGAA-3 ¶ and 5 ¶-TTAAT-TAAGGCGAGC-TCCTACAACC-3. A Pac-1 site was added to the antisense primer. Amplification was performed for 30 s at 94jC, 30 s at 58jC, and 30 s at 72jC. An additional extension step was performed for 10 min at 72jC. The PCR product was digested with the appropriate 3 ¶ enzyme and ligated into pERK (AlphaVax replicon vector plasmid) that had been digested with EcoRV and the matching 3 ¶ enzyme. mPSCA presence in the construct was verified by DNA sequencing. VRP was made using a two-helper system (21) .
Peptides. Peptides were synthesized according to standard methods used at the Norris Comprehensive Cancer Center facility at University of Southern California. Peptides were dissolved at 50 mg/mL in DMSO (Sigma) and stored at À80jC until further use.
Peptide binding assay. An MHC class I stabilization assay was performed. Briefly, RMA-S cells were incubated at 30jC overnight. Peptide at various concentrations was added for 1 h at 30jC, and cells were incubated overnight at 37jC. Cells were stained on ice with FITC-antimouse H-2K b (clone AF6-88.5) or H-2D b (clone KH95; PharMingen) for 30 min at 4jC. Peptide binding was determined by flow cytometry using a Beckman Coulter Cytomic FC 500 flow cytometer equipped with CXP software (Beckman Coulter, Inc.). The fluorescence index (FI) was calculated as follows: FI = [( fluorescence after peptide stimulation / fluorescence without peptide stimulation) À 1].
Mice and cell lines. C57BL/6 and MLR/lpr mice were obtained from Taconic Farms. CD8 and CD4 knockout mice were purchased from Jackson. RAG knockout mice were kindly donated by Chaim Jacob (University of Southern California). TRAMP mice (22) on the C57BL6 background were bred at University of Southern California. Research was conducted in compliance with the institutional animal use guidelines. TRAMP-C2 and EL-4 cells were cultured as previously described (6) .
Immunization and tumor challenge. Male C57BL/6 or TRAMP mice (8-10 weeks old) were anesthetized i.p. with 2.4 mg ketamine (Phoenix Pharmaceutical, Inc.) and 480 Ag xylazine (Phoenix). DNA gold particles were delivered to a shaved area on the abdomen using a helium-driven gene gun (Bio-Rad) with a discharge pressure of 400 p.s.i. Each mouse received 2 Ag of murine PSCA cDNA vaccine. Fifteen days after gene gun vaccination, mice were subcutaneously boosted 1 cm from the tail base with 10 6 infectious units (IU) of mPSCA-VRP. TRAMP mice received an additional dose of 10 6 IU mPSCA-VRP at day 60. As control groups, C57BL/6 or TRAMP mice were vaccinated with pcDNA3 and boosted with 10 6 IU GFP-VRP. Ten days after vaccination, mice were challenged subcutaneously with 5 Â 10 5 TRAMP-C2 cells resuspended in 100 AL HBSS (Sigma). Tumor growth was monitored twice weekly using engineer calipers. Survival was followed until tumors reached volumes of >1,000 mm 3 in accordance with our Institutional Animal Care and Use Committee guidelines.
ELISPOT assay. ELISPOT assay was performed as described (23) with the exception that purified T cells were stimulated with mPSCA [83] [84] [85] [86] [87] [88] [89] [90] [91] or PSA (À3)-6 peptide (24) in the presence of 20 IU/mL interleukin 2 (IL-2) and spots were developed with 3-amino-9-ethyl-carbazole substrate (Sigma).
CTL assay. EL4 cells were cultured with 10 Ag/mL of mPSCA [83] [84] [85] [86] [87] [88] [89] [90] [91] or PSA (À3)-6 and were labeled overnight with 51 Cr. After labeling, the EL4 targets were washed and cultured at 10 4 cells per well. Live T cells from the spleens of vaccinated and control mice were added to the labeled EL4 cells at E/T ratios between 12.5:1 and 100:1 (in triplicate) and cultured for 5 h. Supernatants were collected, and released radioactivity was measured with a Gamma counter. Spontaneous
51
Cr release was determined in supernatants of labeled EL4 cells cultured in the absence of effectors. Maximum release was determined in supernatants of EL4 cells lysed with 1% Triton X-100.
Tumor histology and detection of cell populations and immunopathology by H&E stain, immunofluorescence, and immunohistochemistry. Paraffin sections of kidney, colon, prostate, and testis from immunized C57BL/6 and TRAMP mice were made and analyzed as previously described (6) . For mPSCA visualization, frozen tissue sections were blocked for endogenous biotin activity and then incubated for 1 h with goat anti-mouse PSCA (Santa Cruz Biotechnology). Slides were then incubated for 30 min with biotin-conjugated rabbit anti-goat antibody (Vector Laboratories). Biotinylated antibodies were visualized with streptavidin-conjugated Alexa 488 or Alexa 594 (Molecular Probes). Tissue-specific autoantibodies directed against self-antigens were detected as previously described (6) . Accumulation of IgM and collagen deposition in kidneys was analyzed by immunohistochemistry as described (6) .
Isolation of tumor-infiltrating lymphocytes and flow cytometric analysis. Tumor-infiltrating lymphocytes (TIL) were isolated from individual prostate tumors as previously described (25) . TIL were analyzed by flow cytometry and the total number of cells per gram of tumor calculated, as previously described (6) .
Measurement of intratumoral cytokine expression and PCR. Tumors were collected, weighed, and homogenized in PBS containing 2Â Halt Protease Inhibitor Cocktail (Pierce). Bovine serum albumin (1%; Sigma) was added, and the supernatants were collected by centrifugation at 4jC for 20 min. The cytokine levels in the supernatants were quantified using the Bio-Plex mouse cytokine T helper 1 (Th1)/Th2 assay (Bio-Rad) and a BioPlex HTF system following the manufacturer's instructions. For quantitative PCR, total RNA was isolated using an RNeasy kit (Qiagen). DNase-treated RNA was reverse transcribed with oligo (dT) and SuperScript III (Invitrogen Life Technologies). Quantitative PCR was performed using TaqMan Universal PCR Master Mix, following the Applied Biosystems protocol. Primers and probes for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), IL-2, IFN-g, tumor necrosis factor-a (TNF-a), IL-4, IL-5, and IL-10 were obtained (Applied Biosystems). Quantitative PCRs were performed using a PRISM 7700 instrument from Applied Biosystems. The relative level of mRNA expression for each gene in each tumor was first normalized to the expression of GAPDH RNA in that tumor and then normalized to the level of mRNA expression in tumor from control mice.
Statistical analysis. Tumor growth, cytotoxicity assay, multiplex ELISA, and ELISPOT data were analyzed by a two-tailed, paired Student's t test. Survival rates were analyzed by the log-rank test for survival.
Results
mPSCA vaccination generates CD4 and CD8 T cells that prevent prostate cancer growth. The effectiveness of antigenspecific vaccination against mPSCA in protecting mice against prostate tumor challenge was assessed. Nineteen of 25 mice vaccinated with mPSCA DNA and boosted with mPSCA-VRP remained tumor-free 52 days after challenge with TRAMP-C2 murine prostate tumor cells. In addition, the tumors of the six mPSCA-vaccinated mice that developed tumors were statistically significantly smaller than the tumors of control mice vaccinated with empty-vector DNA and boosted with GFP-VRP (P < 0.05, two-tailed test; Fig. 1A ). To assess whether vaccination-induced tumor infiltration by lymphocytes, total numbers of intratumoral CD4 and CD8 T cells were quantified by flow cytometry. Our data showed a statistically significant increase in the number of tumor infiltrating CD4 T cells (P = 0.0244) in mice vaccinated against mPSCA compared with control mice (Fig. 1B ). An increase in the number of tumor-infiltrating CD8 T cells was also observed in mPSCA-vaccinated mice, although this was not statistically significant (P = 0.0841; Fig. 1B ).
Multiplex ELISA analysis showed a statistically significant increase in the intratumoral levels of cytokines that are critical for generation of antitumor immunity, such as IL-2, IFN-g, and granulocyte macrophage colony-stimulating factor (GM-CSF), in vaccinated mice compared with control mice (Fig. 1C) . To determine the role of CD8 and CD4 T cells in the immunization-induced response, tumor growth was followed in vaccinated CD4-deficient and CD8-deficient mice and vaccinated C57BL/6 mice. Mice were vaccinated with mPSCA DNA, boosted with mPSCA-VRP, and challenged with TRAMP-C2 cells. Tumor growth was detected in only one of five C57BL/6 mice. In contrast, all CD4-deficient and CD8-deficient mice developed tumors. In addition, tumors grew significantly larger in CD4-deficient and CD8-deficient mice than in C57BL/6 mice (P < 0.05, two-tailed test; Fig. 1D ). Tumors in vaccinated CD4-deficient mice were significantly smaller than those in vaccinated CD8-deficient mice (P < 0.05, two-tailed test). These findings indicate that both CD4 and CD8 T cells are essential for the regulation of protective tumor immunity. TRAMP-C2 cells. Tumor size was measured twice per week using engineer calipers. Points, mean tumor volume of 25 mPSCA-vaccinated and 20 control-vaccinated mice in three separate experiments; bars, SE. The fraction of mice that developed tumors in each group is indicated. In cases where some mice developed tumors and others did not, results indicate the mean tumor volume (FSE) only of those mice that developed tumors. B, mPSCA vaccination induces increased tumor infiltration by T cells and increased local production of cytokines associated with tumor control. Tumors from mPSCA-vaccinated and control mice were collected, weighed, and enzyme-digested as described in Materials and Methods. TIL were stained with antimouse CD3-FITC and either CD8-PE or CD4-PE antibodies, then analyzed by flow cytometry. Absolute numbers of positive cell per single tumor were calculated, and the cell numbers were normalized per gram of tumor. C, cytokine levels were quantified using the Bio-Plex mouse cytokine Th1/Th2 assay as previously described. *, P V 0.05 mPSCA-vaccinated mice versus control group. D, groups of wild-type C57BL/6, CD8 knockout, and CD4 knockout mice were vaccinated with mPSCA and challenged with 5 Â 10 5 TRAMP-C2 cells as described above. Tumor size was measured twice per week using engineer calipers. Points, mean tumor volume of 10 CD4 knockout, 10 CD8 knockout, and 5 C57BL/6 wild-type mice; bars, SE. The fraction of mice that developed tumors in each group is indicated. In cases where some mice developed tumors and others did not, results indicate the mean tumor volume (FSE) only of those mice that developed tumors.
mPSCA vaccination induces antigen-specific CD8 T cells. Under normal culture conditions, unstimulated TRAMP-C2 cells express low levels of MHC class I ( Fig. 2A) and they are not able to activate purified T cells in vitro (data not shown). However, TRAMP-C2 cells stimulated in vitro with IFN-g expressed high levels of MHC class I as determined by flow cytometry ( Fig. 2A) , making them attractive targets for cytolytic CD8 T cells. Most importantly, to determine whether the increase in IFN-g expression induced by vaccination can elicit tumor MHC class I expression in vivo, we analyzed the tumors of vaccinated mice by immunofluorescence. The number of tumor cells expressing MHC class I was increased in mPSCA-vaccinated mice compared with controls (Fig. 2B ) , suggesting that antigen-specific CD8 T cells induced by vaccination will be able to mediate the killing of tumor cells in vivo. To verify that CD8 T cells from mPSCA-vaccinated mice are specific for mPSCA, in vitro ELISPOT and CTL assays were carried out. We identified mPSCA peptide candidates that could potentially bind to MHC class I molecules H-2D b or H-2K b and selected two peptides based on the highest score of peptide/MHC class I half life of dissociation generated using prediction programs (26, 27) . We also evaluated their capacity to stabilize MHC class I on RMA-S cells ( Table 1) . The peptide mPSCA 83-91 had the highest predicted binding affinity of 24 and a measured mean fluorescence index of 4. This peptide was loaded onto spleen cells to evaluate MHC class I-restricted CD8 T-cell responses by ELISPOT and CTL assay. Significantly, more IFN-g-producing splenocytes were detected by ELISPOT after incubation with the mPSCA 83-91 peptide (Fig.  2C) . In addition, significantly more peptide-specific IFNg-producing splenocytes were present in mPSCA-vaccinated mice compared with control mice (P < 0.05, two-tailed test), confirming specificity of our peptide. The peptide-specific CTL response generated against mPSCA 83-91 was also significantly higher in mPSCA-vaccinated mice than in controls (P < 0.05, two-tailed test; Fig. 2D ).
mPSCA vaccination delays tumor progression and induces long-term tumor protection. The effectiveness of vaccination in protecting TRAMP mice from developing prostate cancer was tested. TRAMP mice were vaccinated at 8 to 10 weeks of age after they had developed PIN (22) . TRAMP mice were immunized with mPSCA DNA or empty vector at day 0 and boosted with mPSCA-VRP or GFP-VRP, respectively, at days 16 and 60. Survival of TRAMP mice vaccinated against mPSCA was prolonged significantly compared with the control group (P = 0.035; Fig. 3A) . Over 320 days, 16 of 20 mice from the control group (pcDNA3/GFP-VRP) died due to the presence of large and poorly differentiated prostate adenocarcinomas. In stark contrast, only 4 of 20 mPSCAvaccinated mice died, and of these, only two mice developed a large prostate tumor. When surviving mice (4 control and 16 mPSCA vaccinated) were sacrificed, tumors from mPSCA-vaccinated mice had few or no cells staining for mPSCA when compared with the strong staining observed in sections of tumors taken from the control group (Fig. 3B) . In addition, the majority of the mPSCAvaccinated group showed small well-differentiated focal adenocarcinomas with extensive hyperplasia and multiple apoptotic zones (Fig. 3C) . Overall, tumors from mPSCA-vaccinated mice had lower Gleason scores than those of control-vaccinated TRAMP mice, which all had a very large tumor burden at the time of sacrifice (Fig. 3C) . The tumors of vaccinated TRAMP mice were infiltrated by considerable numbers of immune cells, including macrophages, dendritic cells, and IFNg-expressing CD4 and CD8 T cells. In contrast, these cell types were present in very low numbers or completely absent in the tumors of control mice (Fig. 3D) . mPSCA vaccination induced a tumor microenvironment dominated by cytokines that may inhibit tumor growth, including IFNg, IL-2, GM-CSF, TNF-a, IL-4, and IL-5 ( Table 2 ). These data suggest that vaccination against mPSCA is able to induce a specific immune response that is capable of targeting mPSCA-expressing tumor cells with high specificity, which confers a long-term protective immune response against prostate cancer.
mPSCA vaccination does not induce pathologic autoimmunity. Given that the prime-boost vaccination scheme was able to induce a specific immune response against mPSCA, there was concern that an autoimmune response may be elicited in the organs in which this antigen is expressed or that a systemic autoimmune cascade may be induced. The production of autoantibodies against rheumatoid factor and anti-ssDNA antibodies in serum samples from control and vaccinated groups was assayed. In addition, the presence of inflammatory cells in tissues where mPSCA is expressed was tested. As positive controls, we used serum and tissues from aged MRL/lpr mice. Titers of rheumatoid factor or anti-DNA autoantibodies in most mPSCA-vaccinated mice were equivalent to control levels ( Supplementary Fig. S1A ). Given that mPSCA is also expressed in other organs, such as kidney, testis, colon, and prostate, cellular infiltration of these organs was analyzed by H&E staining of frozen tissues obtained from mPSCA-vaccinated and control mice ( Supplementary Fig. S1B ). No infiltration by inflammatory cells or tissue damage was found in organs in which mPSCA is expressed. Finally, it was determined whether mPSCA vaccination induced autoantibodies that recognized self antigens in the serum of vaccinated mice. Frozen sections of kidney, prostate, testis, and colon from RAG mice, which do not produce endogenous antibodies, were incubated with serum samples from mPSCAvaccinated and control (pcDNA3/GFP-VRP) mice. Bound antibodies were detected with anti-mouse IgG. Positive reaction on RAG tissues in testis was only detected in 2 of 20 mPSCA-vaccinated TRAMP mice and when the tissues were incubated with serum from MRL/lpr mice ( Supplementary Fig. S1C ), indicating that the vast majority of vaccinated mice do not produce autoantibodies that could be responsible for tissue damage.
Discussion
In this study we have assessed the efficacy of a DNA prime/VRP boost prostate cancer vaccination strategy directed against mPSCA in murine models of prostate cancer. The antigen delivery systems most commonly used to induce protective immunity against transformed cells are based on administration of plasmids by gene gun or inoculation of viral vectors containing the gene of interest. Heterologous prime-boost schemes, where DNA and viruses are inoculated in succession, often induce the best immunity (19, 28) .
In several experimental models, T-cell infiltration is considered a good prognostic marker for tumor control (29, 30 ). In our model, an increased number of tumor-infiltrating CD4 and CD8 T cells was correlated with improved survival and slower tumor growth in vaccinated mice. The increased numbers of TIL likely included a proportionately larger number of antigen-specific T cells that controlled tumor growth. Vaccinated C57BL/6 mice produced a large population of mPSCA-specific T cells that were able to produce IFN-g and kill antigen-loaded target cells. The mPSCAspecifc CD8 T cells induced by vaccination were only capable of very limited killing TRAMP-C2 prostate tumor cells that endogenously express mPSCA, 12% lysis at an E/T ratio of 100:1 versus 7% when T cells were used from nonvaccinated animals (data not shown). Nevertheless, the induction of an immune response by prophylactic vaccination was associated with slower tumor growth in vaccinated mice challenged with TRAMP-C2 cells. Although mPSCA vaccination induced strong immunity that prevented growth in most of the tumor-challenged mice, 6 of 25 vaccinated mice still developed tumors. However, tumor growth in these mice was delayed very significantly and was extremely slow compared with tumor growth in unvaccinated mice. Collectively, these data indicate that vaccination against mPSCA induces antigen-specific T cells that are capable of controlling TRAMP-C2 tumor growth in vivo although they show relatively poor killing of TRAMP-C2 cells in short-term chromium release assays in vitro.
Our findings may indicate that small amounts of CD8-mediated killing over the long term is sufficient to control tumor growth or that CD8 T cells do not act alone to control tumor growth by direct killing.
To investigate further the roles of CD4 and CD8 T cells in the control of tumor growth in our orthotopic impantation model of prostate cancer, we made use of CD4-deficient and CD8-deficient mice. We showed that the induction of mPSCA-specific CD8 T cells by our heterologous vaccination strategy is crucial to the efficient control of early tumor growth. In contrast, CD4 T cells seem to be more important in the control of the later stages of tumor growth. Accelerated tumor growth in CD8 knockout mice may be explained by the absence of mPSCA-specific cytotoxic CD8 T cells. A better initial antitumor response was observed in CD4 knockout mice. This was most likely due to increased numbers of CD8 T cells. In addition, negative modulation of tumor immunity by CD4 natural T-regulatory cells was abolished in CD4 knockout mice because this population was completely absent. However, at later stages of tumor growth (after day 50), the presence of CD4 T-helper cells was apparently required to keep tumor outgrowth under control. These data may indicate that in our system CD4 T cells are important in the maintenance and generation of memory cells as previously observed (31) . Alternatively, or in addition, the CD4 cells may be required for activation of macrophages and dendritic cells, an event crucial for killing of transformed cells (32) . Given that vaccination elicits an increase in intratumoral IL-2 expression, it is also possible that CD4 T cells are required to provide this cytokine to CD8 T cells during the induction of the antitumor immune response. Overall, these data indicate that interactions between CD4 and CD8 T cells are required for proper control of tumor outgrowth. These findings are in keeping with those recently reported by Chaput et al., which showed the importance of CD4 T-helper cell activity in controlling tumor growth (33) .
Interestingly, the TRAMP-C2 tumors in CD4 knockout and CD8 knockout mice grow out with very similar growth kinetics, albeit with a delay in tumor growth in CD4 knockout mice. In addition, the growth kinetics of these TRAMP-C2 tumors closely resemble the growth pattern of TRAMP-C2 tumors in unvaccinated wild-type C57BL/6 mice (compare Fig. 1C with the control growth curve in Fig. 1A ). mPSCA-negative tumor variants developed in vaccinated TRAMP mice (Fig. 3B ) and in vaccinated C57BL/6 mice challenged with TRAMP-C2 tumors ( Supplementary Fig. S2 , compare PSCApositive TRAMP-C2 cells from mPSCA-vaccinated C57BL/6 mice in the top left with PSCA-negative TRAMP-C2 cells in the bottom right). mPSCA-negative variants may also develop in vaccinated CD4 knockout and CD8 knockout mice. Tumor immune escape may occur in the knockout mice when TRAMP-C2 mPSCA-negative variants develop, which then grow with normal TRAMP-C2 growth kinetics. Rapid tumor outgrowth is not observed in vaccinated wild-type mice, although mPSCA-negative variants develop in them ( Supplementary Fig. S2 ). This implies that interplay between the CD4 and CD8 T-cell populations is required to facilitate epitope spreading, thereby preventing tumor immune escape by the development of negative variants. Tumors from PSCA-vaccinated TRAMP mice were homogenized and cytokine levels were quantified using the Bio-Plex mouse cytokine Th1/Th2 assay. DNA-free RNA was isolated from the tumors of experimental groups and was reverse transcribed. Quantitative PCR array was performed to determine relative changes in levels of mRNA expression. mRNA levels of each gene in each sample were first normalized to the expression of GAPDH and then normalized to the expression of that gene in the group of control mice. Data represent the mean F SE cytokine level of 16 mPSCA-vaccinated and four control-vaccinated mice. Abbreviation: N/D, not determined. *P < 0.05 for mPSCA-vaccinated mice compared with controls.
To investigate the efficacy of our vaccination strategy in a more physiologically relevant setting, we immunized TRAMP mice against mPSCA. TRAMP mice vaccinated against mPSCA had vastly better survival rates than unvaccinated control TRAMP mice. This protection was associated with an increased number of infiltrating dendritic cells, macrophages, Th1, and CD8 + INF-g + cells in mPSCA-vaccinated mice compared with controls, as detected by immunofluorescence. We also confirmed by flow cytometry that there was a significant increase in the number of CD4 T cells, CD8 T cells, and dendritic cell in the spleens of mPSCA-vaccinated mice compared with control mice (data not shown). MHC class I expression by tumor cells is essential for their recognition by CD8 cytolytic T cells. Down-regulation of MHC class I is a common tumor escape mechanism (34); therefore, we investigated whether prostate tumors in our model systems expressed MHC class I. IFN-g produced at the tumor site is important in stimulating the expression of MHC classes I and II molecules by malignant cells, facilitating their clearance (35) . We confirmed that this concept is important in our models by demonstrating the induction of MHC class I expression on TRAMP-C2 cells cultured in the presence of IFN-g. Crucially, vaccination of C57BL/6 mice challenged with TRAMP-C2 tumor cells induced increased expression of IFN-g in tumors that was associated with increased MHC class I expression in vivo. Class I-positive tumor cells, such as these, are excellent targets for tumor-infiltrating CD8 T cells that are activated by IL-2 and IFN-g in the tumor microenvironment. In addition, stromal cells may pick up mPSCA peptides released by killed cancer cells, rendering them viable targets for killing by tumor-infiltrating CD8 T cells as well. Our vaccination protocol resulted in small but significant increases in expression of IFN-g, IL-2, IL-4, and IL-5 in the tumors of vaccinated mice. Although the latter two are classic type 2 cytokines that down-regulate cellular immunity, there are reports that point out their relevance in tumor clearance (36) (37) (38) . The profile of cytokines in our vaccinated mice was similar to that induced by intratracheal administration of dendritic cells transduced with CCL21, which was associated with protection against bronchoalveolar cancer (39) . Taken together, these results indicate that our vaccination strategy is capable of inducing immunologic changes in the tumor microenvironment that are very favorable for the killing of transformed cells, thereby allowing tumor clearance.
Killing of transformed cells may release mPSCA peptides that can be captured by immature infiltrating dendritic cells and macrophages. This may cause their activation, maturation, and migration to secondary lymph organs where they may present antigen to T cells, giving rise to the production of a substantial number of mPSCA-specific CD8 T cells. It has been reported that poor macrophage infiltration of tumors is linked to cancer progression (40) . This suggests that the increase in the number of tumorinfiltrating macrophages in our vaccinated mice may contribute to the elimination of tumor cells. In addition, we detected considerable local production of GM-CSF and TNF-a, two factors that are required for dendritic cell differentiation and maturation. Consistent with the increased production of IL-2, IFN-g, GM-CSF, IL-4, IL-5, and MHC class I in the tumors of vaccinated mice discussed above, it is possible that tumor-infiltrating mature dendritic cell help in generating an environment that is favorable for controlling the proliferation of prostate tumor cells (41) .
Fewer cells express mPSCA in prostate tumor tissues obtained from vaccinated TRAMP mice than in those taken from unvaccinated mice. This observation suggests that a highly specific anti-mPSCA immune response takes place in vivo, which eliminates prostate tumor cells that express high levels of mPSCA. However, mPSCA-expressing cells remain in the prostate tissues of vaccinated mice. It is possible that the strong anti-mPSCA immune response selects tumor cells that express little or no mPSCA, possibly leading to tumor escape. This process is consistent with the tumor immunoediting paradigm proposed by Dunn et al. (42) . Tumor immunoediting may explain why tumors were not completely eradicated in vaccinated mice, suggesting that more than one antigen may need to be targeted to completely eliminate tumor cells. Alternatively, the mPSCA-expressing cells observed in vaccinated TRAMP mice may simply be spontaneously arising tumor cells that have yet to be eliminated by the induced antimPSCA immune response. The SV40 large T antigen is expressed in the prostate throughout life in TRAMP mice that have not been castrated. Given that we have extended the lives of these mice far beyond their normal life expectancy, it is possible that there is time for multiple primary prostate tumors to develop. The fact that mPSCA-vaccinated TRAMP mice survive and are healthy for so long suggests that if new prostate tumors are continuously developing or if negative variants arise, then they must also be subject to long-term immune control.
Vaccination of mice against mPSCA did not induce significant infiltration by inflammatory cells or cause tissue damage in healthy organs in which mPSCA is expressed nor were any autoantibodies produced in response to vaccination. Taken together, these results suggest that there was no induction of a harmful autoimmune response in vaccinated mice. Our histology data would allow the visualization of tissue damage and cellular infiltration in the context of the structure of the relevant organs, if any occurred, although this approach has the disadvantage that it would not allow the quantification of any cellular infiltration. Nonetheless, our histologic methods were highly sensitive to the autoimmune responses that did occur, as can be seen in our positive MRL/lpr controls and in the rare cases where some autoimmunity was observed in vaccinated mice ( Supplementary  Fig. S1C, e) . It is likely that the mPSCA-specific cells induced by vaccination do not respond to tissues that express normal low physiologic levels of mPSCA, including the healthy prostate, simply because there is an insufficient amount of antigen available to stimulate them. In contrast, prostate tumor cells strongly overexpress mPSCA, making them ready targets for the mPSCA-specific T cells induced by our vaccination strategy. Although we have not addressed this issue directly, the T-cell clones generated by our vaccination protocol are apparently of sufficiently high affinity to respond to the very high mPSCA expression levels of tumor cells, but not of such high affinity that they are capable of recognizing and killing healthy cells that express low physiologic mPSCA levels.
Recently a phase I/phase II clinical trial was conducted in which patients with hormone and chemotherapy refractory prostate cancer were vaccinated with dendritic cells loaded with a mPSCA peptide. Although this approach induced high frequencies of peptide-specific T cells in vitro, there was limited clinical benefit in vivo. Only one patient of 12 had complete regression of a retrovesical lymph node, whereas the others had progressive or stable disease (43) . In contrast to this work, our TRAMP mouse studies were carried out in animals that had PIN lesions rather than advanced prostate cancer. The success of this vaccination strategy in inducing long-term protection against prostate cancer
